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Three-dimensional artificial crystals with periodicity corresponding to terahertz wave lengths were
fabricated by self-assembling monosized metal spherical particles. The metal crystals were weakly
sintered to utilize them as templates. The metal templates were inverted to air spheres crystal
embedded in dielectric resin though infiltration and etching. The resulting resin inverted crystals
clearly presented the photonic stop gaps within terahertz wave region and the frequencies of the
gaps were confirmed to agree well with calculation by plane wave expansion method. © 2004
American Institute of Physics. [DOI: 10.1063/1.1812375]
Terahertz (THz) wave having wavelengths between the
microwave and infrared had been an underexploited part of
electromagnetic wave so far. Recent advances in THz wave
generator and detector has yielded fascinating
applications:1–3 THz imaging of biological tissues, detections
of explosive, high-speed communications, and so on.4,5 On
the other hand, realization of a practical device utilizing THz
wave requires various components such as sharp-bend
waveguides, small-sized lasers, and modulators.
Photonic crystals (PhCs), in which dielectric materials
are periodically arrayed, have been successful in controlling
and confining millimeter and visible light waves. It is theo-
retically demonstrated that a PhC holds scaling law between
a wavelength and a periodicity of array. Therefore, the idea
of PhC is applicable for almost all the electromagnetic waves
including even THz waves. Although some researchers have
paid attention to THz wave PhCs, there are a few reports on
three-dimensional (3D) PhCs, otherwise others concern a
two-dimensional one.6–11 This is because there is no suitable
fabrication process for 3D PhCs in submillimeter order,
whereas mechanical processes and semiconductor technolo-
gies have promoted the development of 3D PhCs for milli-
meter waves, infrared and visible lights.
Here, we propose a fabrication process for 3D THz wave
PhCs by arraying monosized micro-particles. In this report,
we aimed to fabricate a 3D array with a periodic structure in
hundreds of micrometer order by assembling monosized par-
ticles and investigating its feasibility for a THz wave PhC.
We fabricated air spheres arrays embedded in dielectric
material, i.e., inverse crystal. The inverse crystals were
formed through four steps: preparing monosized metal par-
ticles, arraying the particles for a template, impregnating di-
electric filler into the template, and removing the template.
Pure copper was chosen as material of monosized par-
ticles, because it can be easily etched away by a conventional
chemical method. The copper monosized particles were pre-
pared by a pulsated orifice ejection method (POEM), which
is capable of mass-producing monosized spherical particles
of various materials. In this method, reciprocating action of
cylinder-rod intermittently pushes droplets of molten metal
with constant volume out of a small orifice which is fitted at
the bottom of a tundish. Details of this method can be found
in our previous reports.12,13 The obtained particles present
high sphericity without distortion due to grain boundary and
void, as shown Fig. 1. An image analysis connecting with an
optical microscope gave that the obtained particles have an
average diameter of 267 mm and narrow size distribution
with a standard size deviation of 6.67%. To array the par-
ticles periodically, we executed the following procedure.
First, a dimple of equilateral quadrangular pyramid was pre-
cisely bored on a thick graphite plate. It is well known that
monosized spheres that are confined in such a pyramidal
space are naturally close-packed into fcc structure by gravity
and vibration. Therefore, the particles were filled into the
dimple and adequately vibrated. In order to utilize the fcc
array as a template, it is necessary to form necks bridging
between the neighboring particles, which act as mechanical
connectors and channels for liquid etchant. The array with
the graphite dimple was weakly sintered at 1323 K for
30 min in hydrogen atmosphere. Scanning electron micros-
copy (SEM) image of the resulting array indicates that the
single crystal fcc was formed without defect [Fig. 2(a)]. The
four tilted-faces and bottom face are {111} planes and (110)
plane, respectively. Figure 2(b) shows that the sintering pro-
cess formed a typical neck of approximately 30 mm in diam-
eter at contact points between the adjacent particles. How-
ever, no sintering shrinkage was found from the SEM
observation for the {111} planes in shown Fig. 2(a), so that
the lattice constant of the sintered fcc crystal could be deter-
mined to be ˛23267<378 mm.
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FIG. 1. Scanning electron microscope image of monosized spherical copper
particles prepared by POEM.
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After the template was prepared, its interstitial space was
filled with dielectric medium for fabrication of the inverse
crystal. We prepared two kinds of medium to compare the
influence of dielectric constant in transmittance property of
inverse crystal. One was curable epoxy resin and the other
was mixture of the epoxy and titania powder with titania
volume fraction of 10%. Their dielectric constants after cur-
ing were 2.72 and 3.70 in the range of THz frequency, re-
spectively. The dielectric resin was impregnated into the
template by vacuuming. After curing the resin, the internal
copper template was completely etched away by iron chlo-
ride (III) solution. Figure 3(a) shows the inverse artificial
crystal consisting of epoxy resin after removing the template.
The configuration of embedded air spheres was well copied
from the template. The cross-sectional image perpendicular
to (111) plane of the sample is indicated in Fig. 3(b).
We performed theoretical prediction of the photonic
band structures for the resulting crystals using the plane
wave expansion method. Figure 4 shows the calculated pho-
tonic band structures of the air sphere fcc crystal in back-
ground with the dielectric constant of 2.72. The analytical
results show that the inverse crystals have only one stop gap
in the [111] direction within lower order band, which exists
within 0.68–0.77 in normalized frequency. There values can
be converted to 18.0–20.4 cm−1 s0.55–0.62 THzd using the
lattice constant described earlier. In the same way, the stop
gap of the crystal having dielectric constant of 3.70 was also
calculated to be 16.9–19.0 cm−1 s0.51–0.58 THzd. There-
fore, we experimentally explored the presence of such a pho-
tonic stop gap in the fabricated inverse crystals using a tera-
hertz wave time domain spectroscopy. Two kinds of
pyramidal inverse crystals were cut into plates with thickness
of 2 mm perpendicular to [111] direction. The transmittance
spectrums examined in vacuum of 10−2 Pa by incident nor-
mal to the [111] plane were indicated in Fig. 5. It is first
found that the transmittance gradually decreases as fre-
quency increases and finally closes to zero at approximately
30 cm−1 because of absorption of epoxy resin. However, the
epoxy inverted crystal clearly represents the dip of transmit-
tance in the range from 16 to 21 cm−1 s0.48–0.64 THzd, as
seen in Fig. 5(a). This frequency range agrees well with the
above-described calculation value, so that the dip was proven
to be the photonic band gap. Moreover, when the dielectric
constant of the inverse lattice was increased, the photonic
band gap shifted toward lower frequency, in good agreement
FIG. 2. SEM images of the three-dimensional template composed of mono-
sized spherical copper particles. (a) Low-magnification overview. (b) High-
magnification view of the circle region in (a).
FIG. 3. Micrographs of the epoxy inverted photonic crystals. (a) Optical
image of overview. The air spheres array with pyramidal shape was embed-
ded in the transparent epoxy resin. (b) SEM cross-sectional image normal to
(111) plane.
FIG. 4. Calculated photonic band structure for the complete fcc structure of
air spheres in background with dielectric constant of 2.72.
FIG. 5. Measured transmittance in the [111] direction of the resin inverted
crystals. The inverse crystals were composed of (a) epoxy with dielectric
constant of 2.72 and (b) 10 vol % titania-epoxy with dielectric constant of
3.70. Solid lines represent crystals, and dotted lines represent dense plates
without crystal.
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with the calculation [Fig. 5(b)]. Thus, it is confirmed that the
crystals derived from the monosized particles are applicable
for THz wave photonic crystals. The result also suggests that
lamination of the crystals with different dielectric mediums
yields a wider photonic band gap. In this method, variation
in dielectric constant of the medium can be easily achieved
by changing the kind and volume fraction of dielectric pow-
der in epoxy.
Finally, in the present study, although we succeeded in
constructing the 3D PhCs, the obtained photonic band gaps
were only in one direction due to fcc structure. However,
some researchers have discovered that a fcc structure com-
posed of a high dielectric medium provides the complete
band gap.14,15 Thus, further study aimed at elevating the di-
electric constant of medium is under way. In addition, the
POEM has the potential to produce not only metal but also
semiconductor, polymer, and ceramics monosized particles,
which have a high dielectric constant and high transparency
within the THz wave region.16,17 We expect to directly fab-
ricate a photonic crystal rather than the inverse photonic
crystal.
In conclusion, the three-dimensional artificial crystals
with submillimeter periodicity were fabricated by assem-
bling the monosized spherical metal particles that were pre-
pared by the pulsated orifice ejection method. The dielectric
resin inverted crystal was fabricated using the above crystal
as a template and presented photonic band gap in the tera-
hertz wave region. The result demonstrated the possibility of
this method using the monosized particles for fabrication
process of terahertz wave photonic crystal.
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